Abstract-Drug delivery to subcortical regions is susceptible to the blood-brain barrier (BBB) impeding the molecular exchange between the blood stream and the brain parenchyma. Focused ultrasound (FUS) coupled with the administration of microbubbles has been proved to open the BBB locally, transiently, and noninvasively both in rodents and in nonhuman-primates (NHPs). The development of this disruption technique independent of MRI monitoring is of primordial importance yet restrained to the targeting optimization. This paper establishes the linear relationship of the incidence angle with the volume of BBB opening (V BBB ) and the peak negative pressure when sonicating the caudate nucleus and the putamen region of five NHPs. In addition, the effect of central nervous system structures on the opening morphology is evaluated by identification of the grayto-white-matter ratio at the opening site. Finally, the targeting accuracy is assessed through the estimation of the geometric and angle shift of the opening from the targeted region. Interestingly, results prove a monotonic increase of the opening volume with close to normal incidence angles. Moreover, 80.35% of the opening lies on gray-matter regions compared with only 19.41% attributed to the white matter. The opening was found to be shifted axially, toward the transducer, and laterally with an average angle shift of 4.5°. Finally, we were capable of showing reproducibility of targeting accuracy with the same stereotactic and ultrasonic parameters. This paper documents the a priori prediction of the opening volume through manipulation of the angle and pressure as well as establishing the predictability, accuracy, and safety of FUS-induced BBB opening in NHPs.
I. INTRODUCTION
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Digital Object Identifier 10.1109/TUFFC.2017.2681695 brain structures. The BBB has been identified as the highly selective vascular system of the cerebral microvessels composed by a sealed erythrocyte monolayer by tight and adherens junctions precluding molecular paracellular exchange [2] , [3] . The BBB hinders the transcellular diffusion path, which is confined only to lipid soluble compounds smaller than 400 Da with fewer than nine hydrogen bonds crossing via lipid-mediated transport. To overcome this obstacle, current treatment strategies involve transcranial injection or infusion, transnasal delivery, or employment of medicinal chemistry to chemically alter the nature of the compound so it can cross the BBB through carrier-mediated, receptor-mediated, or active efflux transport [4] . However, all of these methods are either invasive, nontargeted, and/or involve alteration of the drug composition. The employment of focused ultrasound (FUS) coupled with microbubble administration has been proposed as the only noninvasive technique to transiently, locally, and reversibly disrupt the BBB, allowing a time and size window for molecules to cross to the brain parenchyma [5] , [6] . Although the mechanism of BBB disruption with FUS is not entirely clear, it has been proved that the interaction of systemically injected microbubbles with the capillary walls is the main driving mechanism of the technique. The BBB can be mechanically disrupted by cavitation occurring from the oscillating microbubbles that pass through the focus of the ultrasound beam. This mechanical disruption allows molecules to passively diffuse through the BBB [7] , [9] . Extensive research has been conducted to evaluate the microbubble properties affecting the BBB in the presence of ultrasound. The BBB opening volume has been shown to increase with concentration and microbubble size while small increases in the microbubble phospholipid chain length resulted in more efficient delivery of large molecules [10] - [12] .
The transition from bench to bedside requires precise selection of parameters that would guarantee targeting accuracy, repeatability, and safety. Several studies have been focused on the optimization of the acoustic parameters on various animal models, including, mouse, rabbit, and nonhuman primate (NHP) aiming at safe and localized openings [13] - [22] . While traversing from mouse to NHP, the parameters to be determined in terms of brain complexity and experimental setup increase. Furthermore, the targeting accuracy in NHPs is susceptible to skull aberrations. When sonicating NHPs, the preference of intermediate ultrasound frequencies around 0885-3010 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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500 kHz eliminates the tradeoff between irreversible cavitational effects and increased focus at lower frequencies and high-phase aberrations and attenuation at higher frequencies [22] - [25] . Yet the frequency is not the only factor that could result in vascular damage as peak negative pressure (PNP) is of equal contribution and importance. It has been reported that increased PNP yields larger openings in a linear trend while shorter pulse lengths and intermediate pulse-repetition frequencies (PRFs) are preferred [18] , [19] , [22] , [23] . However, the PNP to opening volume correlations in NHP's yielded very low determination coefficients while the cross correlation among animals was inconclusive [22] , [24] - [27] . It has been shown that the normal incidence angle yields larger openings but its relationship with the opening size and the PNP is yet to be established [28] . The necessity to alter the angle rose from the complexity of the NHP brain and the aim to avoid affecting neighboring areas and vascularized regions. Despite taking into account the angle, however, agreement across animals remains elusive. Therefore, the skull effect was investigated as of affecting the energy propagating to the targeted region. According to the incidence angle of preference, the beam propagates through a varying skull volume resulting in subsequent pressure alterations [28] - [30] . Moreover, interanimal skull variation adds to the complexity of the problem. The targeting accuracy subjected to the variation of these parameters has to be optimized before moving on to clinical trials. This paper described here aims to provide insight into the uncorrelated results within and among animals by: 1) establishing the relationship between the incidence angle and the BBB opening volume; 2) employing the skull effect as the correction factor among animals; and 3) evaluating the brain structures' effect on the opening morphology. The first goal was approached by estimation of the angle and its correlation to the BBB opening volume evaluated as the increase in the tissue permeability. Moreover, variation of the applied acoustic pressure offered the opportunity to investigate its effect on the BBB opening volume as the only parameter and in accordance with the angle as well. The skull effect was evaluated at different incidence angles and was utilized as the correction factor to the results. Finally, the effect of gray-matter and white-matter regions on the BBB opening region was assessed by the efficiency of the BBB volume in each structure separately and compared with the corresponding targeted regions. Finally, the selected acoustic parameters fell into the safety window established by previous work of our group and others, verified by the corresponding susceptibility scans reported here [31] .
II. MATERIALS AND METHODS

A. In Vivo Experiments
The ultrasound procedure was performed in five male NHPs, i.e., four rhesus macaques (Macaca Mulatta) and one marmoset (Callithrix Jacchus) (Table I) , allowing for a minimum of two week resting period before subsequent treatment. During each procedure, the animals were immobilized by intramuscular administration of a cocktail containing 1-ml ketamine (5-15 mg/kg) and 1-ml atropine (5-15 mg/kg) to provide a time window for endotrachial tube placement, catheterization, and positioning on the stereotaxic frame. While in the operation room, the animals were anesthetized by the inhalation of 1%-3% isoflurane. The transducer was attached to the Kopf stereotaxic manipulator to allow for targeting the brain in the stereotaxic coordinate frame, the cornerstone of the targeting analysis. The animals were transferred to the MRI site immediately after the sonication (day zero) for assessing the safety of the method and verifying the BBB disruption. Animals tested behaviorally were transferred to the MRI site the day after sonication (day one) [32] .
1) Focused Ultrasound:
The sonications were carried out by a single-element, spherical-segment FUS transducer (H-107, Sonic Concepts, Bothell, WA) operating at 0.5 MHz (radius: 32 mm, geometric focal length: 62.6 mm, focal length: 34 mm, and focal width: 5.85 mm), under the application of a function generator (Agilent, Palo Alto, CA, USA) through a 50-dB power amplifier (E&I, Rochester, NY, USA). A flatband, spherically focused hydrophone (Y107, Sonic Concepts, WA, USA; sensitivity: 10 to 15 MHz; focal depth: 60 mm; and radius 19.75 mm) was confocally mounted at the central void of the transducer to achieve overlap of the two foci. The hydrophone was driven by a pulser-receiver (Olympus, Waltham, MA, USA) connected to a digitizer (Gauge Applied Technologies, Lachine, QC, Canada). The acoustic beam profile and the −6-dB focal zone were measured during the calibration process accomplished by the use of a needle hydrophone (HGL-0400, Onda, Sunnyvale, CA, USA). According to previous reports [26] , [30] , the global attenuation due to absorption, reflection, and scattering phenomena resulting from the skull thickness was estimated to be equal to 4.92 dB/mm at the center frequency. In-house manufactured, lipid-shell, monodisperse microbubbles with a mean diameter of 4 − 5 μm were diluted with saline to 3 ml. The microbubbles at a dosage of 2.5 × 10 8 # bubbles/kg were intravenously injected through the saphenous vein 10 s after the onset of sonication to allow for real-time monitoring of the microbubble cavitation described elsewhere [33] . The animals were sonicated in one or two locations for 120 s each, allowing a 20-min waiting period for microbubbles to be cleared from the circulation, at a pulse repetition frequency of 2 Hz, a pulselength of 10 ms, and a PNP varying from 0.25 to 0.6 MPa.
2) Targeting: Individualized targeting of the ultrasound focus to the brain region of interest was accomplished by employment of a Kopf stereotaxic instrument (Fig. 1) . The system provided the user with 9°of freedom; the mediolateral drive (ML), the stereotaxic arm along the anteriorposterior (AP) direction oriented perpendicularly to the ML drive, the manipulator determining the dorso-vetral (DV) setting oriented perpendicularly to the ML-AP plane, the rotation of the manipulator around the DV-axis (azimuth), the rotation of the manipulator around the ML-or AP-axis (elevation), the selection of right or left stereotactic arm (arm), the relative alignment of the ML-and DV-drives (stereo), and finally the attachment of the transducer to the stereotactic manipulator (finger). In order to predict and evaluate the targeting accuracy, the geometric characteristics of the stereotactic device were analytically implemented into a custom algorithm in MATLAB based on the relative positioning of the nine aforementioned parameters in terms of the stereotaxic coordinate frames. This routine yielded the coordinates of the focal spot and the surrounding ellipsoidal area denoting the focal region in the global coordinate system translated into spatial domain by superposition onto the stereotactically aligned T1-weighted scan accounting for the reference scan for each NHP.
3) Opening Verification With MRI: Magnetic resonance imaging was employed to verify the opening and detect potential damage. High-resolution structural T1-weighted sequences (T1 Pre; 3-D Spoiled Gradient-Echo, TR/TE = 20/1.4 ms; flip angle: 30°; NEX = 2; spatial resolution: 500 × 500 μm2; slice thickness: 1 mm with no interslice gap) were acquired at two time-points for each NHP, before and after BBB opening. The first scan was acquired 30 min after IV administration of 0.2-ml/kg contrast agent (gadodiamide) without preceding sonication accounting as the presonication scan for each NHP while the second scan was acquired after each sonication corresponding to the postsonication scan. Gadodiamide does not naturally cross the intact BBB because of its molecular size exceeding the threshold (400 Da) and solubility pattern and, therefore, was utilized as a means of visualizing vessels or structures with increased BBB permeability attributed to hyperintense pixelation. Prior to the sonications, a structural T1-weighted sequence of the same acquisition parameters but spatial resolution of 250 × 250 μm 2 was obtained while the animal was positioned on the stereotactic frame accounting for the reference image. 3-D T2-weighted sequence (TR/TE = 3000/80 ms; flip angle: 90°; NEX = 3; spatial resolution: 400 × 400 μm 2 ; slice thickness: 2 mm with no interslice gap) and 3-D susceptibility-weighted imaging (SWI) (TR/TE = 19/27 ms; flip angle: 15°; NEX = 1; spatial resolution: 400 × 400 μm 2 ; slice thickness: 1 mm with no interslice gap) were utilized to detect edematous and hemorrhagic regions if any [29] , [32] , [34] - [37] .
4) Data Analysis: Analysis of the data was performed in two parallel independent processes, the targeting and the imaging analysis, both shown in Fig. 2 .
a) Targeting analysis: The targeting pipeline yielded the focal area, the incidence angle, and the skull thickness scaling factor. The input values to the algorithm were limited to the nine parameters utilized for the stereotactic configuration at the sonication site and resulted in the vector of axial propagation and the focal area after the application of linear transformations. Fig. 3 shows the approach followed for the 3-D representation of the BBB opening toward the 2-D nature of the incidence angle investigated, aiming to understand and report its effect on the opening volume. The 3-D configuration of the transducer targeting the NHP brain reveals the hypothesis of this paper that alignment of the trasnducer curvature to the skull curve would result in a normal incidence angle yielding a large volume of opening [ Fig. 3(a) ]. To visualize the targeting on the monkey brain, the resulting ellipsoidal shape was projected on the reference T1-weighted image as shown in Fig. 3(b) . The information provided by this step was used to estimate the focal area and the center of the focus [ Fig. 3(c) ]. The next step was the skull extraction from the reference T1-weighted scan by segmentation. The skull line was isolated and mapped onto the global coordinate system by a custom curve fitting algorithm. The superposition of the axial vector on the skull print resulted in their point of intersection I (x I , y I , z I ), utilized to obtain the tangent to the skull. The tangent vector was estimated as the derivative of the skull curvature at the point of intersection. The incidence angle was calculated as the angle (α) between the axial vector ( V ) and the tangent ( T ) as shown in Fig. 3 (d) based on their dot product
The process of incidence angle calculation was repeated at least 20 times for each experiment because of the variance resulting from the tangent vector estimation. The values presented in this paper correspond to the mean incidence angle followed by the variance as the error of the measurement. The analysis was performed in the 3-D domain but the angle of interest is being formed by the axial direction (z-direction) described by two complementary planes, the zx and the zy planes. Therefore, the effect of the angle in one of these planes holds for the other as well. The coronal plane reported here corresponds to the zx plane. The projection of the beam vector onto the skull yielded the thickness to which the corresponding incidence angle was associated. The scaling factor, "sf," was calculated as the ratio of the skull thickness measured at each sonication (d i ) over the maximum measured thickness (d max ) to scale the factor to unity
Fig. 3(e) demonstrates two different incidence angles and the resulting variance in the skull thickness facilitating the understanding and the necessity of the concept. Furthermore, the targeting accuracy was evaluated by the Euclidian distance of the BBB opening center
The magnitude of the geometric shift ( g) is susceptible to the refraction resulting from the variance in the media indices, an estimate of which is given by the corresponding angle shift ( α) [ Fig. 3(f 
where α stands for the incidence angle and r for the refraction angle. Finally, the reference scan of each NHP was utilized to construct a five level segmentation map of the monkey brain by employing the K -means segmentation method (Fig. 4) . Overlaying the focal area onto the segmentation map revealed the percentage of gray and white matter targeted.
b) Image processing: The image processing algorithm resulted in the volume of opening quantification, the targeting accuracy estimation, and the percentage of opened gray-towhite-matter ratio. Precise analysis imposed the registration of all T1-weighted images to the reference stereotactically aligned T1-weighted image using FSL's FLIRT routine. According to the sequence fundamentals, bright areas corresponded to increased contrast agent concentration and distribution including vasculature tracts. It is expected though, that in the T1-post images, enhancement should also be observed at the BBB disruption site. For each experiment, the T1-pre image and the corresponding T1-post image were scaled with the muscle intensity to bring the images in comparable range. Aiming at the extraction of the BBB volume, the ratio of the T1-post over the T1-pre image was obtained, generating the ratio-image. Physiological and magnetic inhomogeneities and asymmetric vasculature resulted in unrelated to opening enhancements that were treated with filtering. Finally, the BBB opening was defined as the integration of the hyperintense voxels exceeding the threshold of 1.1 of the ratio image. The volume of opening presented in this paper was normalized by the scaling factor resulting from the targeting algorithm. Embedding the results obtained from the targeting algorithm to the output of the image processing assured the targeting accuracy of the technique. Specifically, the quantification of the distance between the focal center and the center of mass yielded the axial and lateral shift of the BBB opening from the targeted region. To perform this analysis, centroid of the opening was established as the most hyperintense voxel in the surrounding spherical Region of Interest (ROI) (radius = 3 mm) of the focal center, assuming linearity between the voxel intensity and the tracer concentration. Fig. 5(a) shows the BBB opening volume with the coronal contour plot on the back denoting the centers' distance that was further broken down into the shift measured from the three constituent planes: the axial, the sagittal, and the coronal. Fig. 5(c) demonstrates the quantification of the divergence of the opening center from the targeting center. The blue areas correspond to the hyperintense voxels of the BBB opening (>1.1 enhancement of T1 signal) while the red areas are referencing the focal region. The Gaussian shaped ellipsoid (red) is centered at the zero point while the black line denotes the center of the Gaussian-like shape of the activated voxels (blue). The distance of the black line from the zero point defines the shift in that particular dimension while the shift sign with respect to the sonicated side provides insight into the directionality of the opening. For this particular case, the BBB opening center was found 0.25 mm more dorsal, 1.25 mm more medial, and 0.75 mm more anterior than the targeted centroid.
The BBB opening center and the tangent plane-to-beampath intersection define the vector describing the orientation of the BBB opening in space. The angle of this vector with the aforementioned tangent plane was measured as the refraction angle. Finally, superposition of the opening on the segmentation map obtained from the targeting pipeline enabled the quantification of the percentage of the opening laying in gray and white matter.
B. In Silico Numerical Simulations
The 3-D k-space pseudospectral method (k-Wave) [38] was employed to simulate the acoustic wave propagation with the second-order wave equation resulting in the transcranial PNP profile under the varying incidence angle concept. The acoustic emission source was the single element ring-shaped transducer while the sonication parameters (frequency, PRF, duration, and duty cycle) were identical to the in vivo part of this paper [39] . CT images (helical scan, resolution = 0.2 × 0.2 × 0.6 mm 3 ; siemens) were acquired for one of the NHP's included in this paper, providing the acoustic properties of the skull (density and speed of sound) converted from the Hounsfield units in Computerized Tomography (CT) [40] , [41] , with an attenuation of 20 dB/cm and the power law absorption exponent of 1.1 [40] , [41] . The medium properties around the skull were the same as water at body temperature (37°C, speed of sound = 1524 m/s, density = 1000 kg/m 3 , and attenuation = 3.5 × 10 −4 dB/cm) [40] , [41] . The CT also enabled the estimation of the skull thickness for every emission angle, while its segmentation was utilized to estimate the incidence angle and compare it with the results obtained from the MRI segmentation III. RESULTS
The analysis of 64 sonications resulted in the identification of the correlation between the incidence angle of the axial vector and the BBB opening (V BBB ), the estimation of the geometric shift of the V BBB from the target, the skull thickness interference with the incidence angle, and finally the V BBB overlap with the underlying physiological structures of white and gray matter.
The results presented in this paper correspond to sonications and scans conducted on the same day (day zero) and scans acquired the day after sonication (day one) because of behavioral testing following the sonications, presented in another study [32] . The BBB opening volume decreases over time, leading eventually to complete closing, and therefore, data obtained on day zero and day one are presented separately.
Normalization of the volume of opening with the skull thickness factor enabled BBB opening volume comparisons across animals. In Fig. 6 , linear regression between the incidence angle, the PNP, and V BBB is illustrated. To facilitate the visualization of the results, bubble charts are presented as the top view of scatter plots with the PNP on the horizontal axis, the incidence angle on the vertical axis, and the circles corresponds to the resulting BBB opening volume. The radius of the circle increases with the opening volume, while in the jet colormap, blue denotes the smallest and red the largest opening. The determination coefficient is 0.82 for targeting the caudate nucleus (15 cases) and 0.84 for the putamen region (26 cases) on day zero. As anticipated, the same trend holds for experiments completed the day after sonication with a decrease in the opening size, because of the gradual closing regime. The correlation between the three aforementioned parameters for the Putamen region (23 cases) yielded a determination coefficient equal to 0.90, indicating a linear increase of the opening size with increasing PNP and incidence angle.
To further investigate the strength of the relationship between the incidence angle and the opening volume, qualitative assessment of the opening size for a fixed pressure followed and is shown in Fig. 7(a) . Both NHPs were sonicated at 0.4 MPa, but the resulting volume of opening was four times larger when the incidence angle increased by 15°. Analytically, an incidence angle of 73°± 1.5°resulted in an opening size of 142 ± 20 mm 3 while a close to normal angle, 88°± 1.2°, yielded an opening as large as 481 ± 30 mm 3 . Both images presented here are contrast-enhanced T1-weighted images overlaid with the targeted area as the transparently red-colored cylinder and the superimposed opening in jet color.
Furthermore, we confirmed the threefold increase of the opening volume for a threefold increase in pressure at a fixed angle [ Fig. 7(b) ]. The NHP in the blue outline was sonicated at 76°± 1.5°and 0.35 MPa yielding an opening of 246 ± 22 mm 3 while the NHP in the red outline was sonicated at 76°± 1.5°and 0.6 MPa yielding an opening of 854 ± 50 mm 3 . The figures are contrast-enhanced, T1-weighted images overlaid onto the targeted area as the transparently red colored cylinder and the superimposed opening in jet colormap. These results are in accordance with previous reports of a linear relationship between PNP and BBB opening volume observed in experiments conducted in rodents with a normal incidence angle.
An expected finding observed in Fig. 7(c) is the consistency of V BBB for fixed PNP at 0.3 MPa and incidence angle at 84°± 0.19°. Repeatability of the experiments was achieved by keeping all acoustic and stereotaxic parameters fixed. Brain images of the reproducibility pattern are shown for two NHPs sonicated under the same parametric regime and the opening induced was of 440 ± 60 mm 3 for the first NHP while 451 ± 60 mm 3 for the other NHP.
In that context, experiments were designed in such a way to increase the confidence of these observations and the results are presented in Fig. 8 . The linear increase of the opening volume with incidence angle was confirmed by sonicating at three different pressures for five or more times resulting in the three corresponding scatter plots. The preceding table is summarizing the samples' number, the fixed pressure, and the determination coefficient for each plot. It was also confirmed with extensive experiments that the variability in opening volume at different pressures resulted from the variability in the incidence angle. Therefore, when the incidence angle was fixed at a certain value, the linearity was restored. Fig. 8(b) demonstrates this effect for three different incidence angles. Finally, the reproducibility of our technique was confirmed by repeated sonications with fixed acoustic and stereotactic parameters. The results are presented as the mean with the SEM for three sets of parameters tested in Fig. 8(c) .
To further justify the strong dependence of the opening volume on the incidence angle given a constant PNP, numerical simulations were performed. The simulations were identical in terms of skull and acoustic field properties with the incidence angle being the only changing variable. The transcranial PNP field was measured by varying the incidence angle from 78°± 1.1°to 88°± 0.9°, while the source magnitude was unchanged at 0.3 MPa. Fig. 9(a) shows the axial and lateral profile of the focus for five different incidence angles, centered at the maximum pressure coordinates. The PNP profiles were normalized with respect to the maximum pressure across all trials. As the incidence angle approached the normal, the pressure profile shifted toward greater values, yielding a uniform high pressure distribution. The correlation of the incidence angle and the normalized pressure is evident in Fig. 8(b) . Linear and quadratic fitting describe the correlation with the determination coefficient at 0.8819 and 0.9595, respectively. Furthermore, the simulations showed, on average, a focal shift of 2 mm toward the source and 1 mm laterally from the focus. An additional 5-mm shift of the focus toward the transducer was observed, attributed to the energy attenuation from the skull thickness. This shift has been consistently observed in the simulations, and therefore, the transducer coordinates have been adjusted to account for that shift in vivo.
So far, we have established that increasing the incidence angle results in higher PNP field in silico as also yields larger opening volumes in vivo. Fig. 10 demonstrates the results obtained from simulations, which are compared with the volume of opening obtained from an experiment conducted with the same incidence angle (78.46°± 1.1°) and under the same pressure (0.3 MPa) as in the simulation. A 3-D reconstruction of the CT was overlaid on the simulation [ Fig. 10(a) ] and the opening volume [ Fig. 10(b) ], respectively, followed by the 2-D evaluation at the focal and opening center. The simulation focus was shifted 1 mm axially toward the transducer and 1.5 mm laterally while the center of the opening was shifted 1 mm toward the transducer and 0.5 mm laterally from the target. Furthermore, the incidence angle was computed by skull segmentation of the CT images and was compared with Fig. 9(c) demonstrates the agreement of the incidence angle and skull thickness measurement when using the skull segmentation from the CT or the MRI. The linear fit is presented along with the 95% confidence interval showing the goodness of the fit. the incidence angle estimated from the MRI in Fig. 9(c) . The results show a 2°overestimation of the incidence angle with our method, which falls within the variance range. The correlation coefficient between the two modalities was at 0.95. Finally, the skull thickness was measured from the CT images and was found to be in good agreement with the measurement obtained from the MRI, as shown in Fig. 10(d) .
Furthermore, to investigate the effect of the underlying brain structures on the opening size, the percentage of gray and white matter at the opening site was estimated and plotted. Fig. 11 demonstrates the percentages targeted while planning the sonication and the percentages of the two structures lying at the opening site for each NHP separately. Interestingly, although almost 50% of white matter and 50% of gray matter was targeted, the induced opening is more restrained in regions of gray matter. The gray-to-white-matter ratio at the opening site is at the order of 80% over 20%.
The targeting accuracy is demonstrated in Fig. 12 , whereas the axial shift was 2.36 ± 1.74 mm toward the direction of the transducer while the lateral shift was 1.18 ± 1.05 mm to the lateral direction when targeting the Putamen region [ Fig. 12(a) ]. For the Caudate nucleus, the displacements were Fig. 11 . Gray-to-white-matter ratio at the targeted area and the opening site. 1.58 ± 1.02 mm toward the direction of the transducer and 1.05 ± 0.37 mm to the lateral direction [ Fig. 12(b) ]. The errors correspond to the standard deviations. Apart from the geometric displacement of the opening, its orientation is of equal importance. The angle shift presented in Fig. 12(c) and (d) shows that the divergence of the refraction angle from the incidence angle was of 4.5°± 3°when targeting the Putamen region and 3.65°± 1.3°at the Caudate nucleus.
Finally, Fig. 13 shows representative coronal slices with the rows corresponding to the NHPs and the columns to the T2-weighted and SWI images, respectively. These images correspond to the last acquisition for this paper and are indicative of any possible damage.
IV. DISCUSSION
The primary goal of this paper is to pave the way for pharmacological agent delivery to targeted neural substrates in primates. Accurate targeting is one of the foremost important aspects while planning the treatment. NHP brains are more inhomogeneous than other animal models, and therefore, patient-specific procedure is mandatory. Having stressed the significance of targeting, the results presented in this paper show the efficacy of the single-element FUS method in targeting specific brain regions, accurately and reliably. However, thorough planning and adjustment of the key components are essential.
Extensive research has been conducted in the opening dependence on various ultrasonic parameters with the PNP being the parameter dictating the opening size. Experiments conducted with a single element transducer operating in mice utilized a normal incidence angle due to the stereotactic geometry. Studies on NHPs refer to the incidence angle as an opening size indicator but do not report any correlation. For this paper, extensive research has been conducted to reveal the opening dependence on the angle as a sole parameter as well as in conjunction with PNP. Fig. 6 indicates good linear correlation between the incidence angle, the PNP, and V BBB independently of the targeted brain structure. The bubble charts reveal the gradual increase of the opening volume in both the direction of increasing PNP and close to normal incidence angle. The bubble chart as a means of visualizing the effect of the parameters utilized to map the volume that corresponds to sets of PNPs and incidence angles. Finally, the color and diameter change in the pressure direction occurs faster than in the incidence angle direction. The interpretation of this finding is, as expected, that the opening volume depends primarily on the pressure applied and secondarily on the incidence angle especially at very low or high pressures. However, when sonicating at intermediate pressures, as is usually the case, the incidence angle determines the volume of the opening.
Pairwise observations provide further insight into the correlations. The most interesting finding in this paper was the strong dependence of V BBB on the incidence angle of the propagating wave. Figs. 7 and 8 show that at a fixed PNP, a strong correlation exists between the incidence angle and V BBB . The pressure applied was kept constant and the angle against the opening size was plotted to demonstrate that the opening increases with incidence angle, confirming the hypothesis that a normal angle is preferred for larger openings. This is true due to the shorter propagation path through the skull after alignment of the transducer curvature to the skull lines, and thus lower susceptibility to attenuation effects. By maintaining the incidence angle fixed and increasing the PNP, the BBB Fig. 13 . SWI (left column) and T2 weighted (right column) scans were performed to assess the safety of the method. Each row corresponds to an NHP. opening volume was steadily increased confirming previous findings in rodents [4] . This observation was confirmed by both qualitative and quantitative findings.
Ultimately, by varying both the PNP and angle, the BBB opening volume can be altered accordingly to achieve the desired treatment by simultaneously protecting the neighboring regions. On the other hand, by keeping both parameters fixed over the course of treatments, the same opening can be reproduced [Figs. 7(c) and 8(c) ]. This indicates a priori planning of the incidence angle and the applied pressure for each subject separately.
These findings were confirmed in silico by numerical simulations showing that increase of the incidence angle resulted in a more uniform PNP profile shifted toward higher pressures (Fig. 9) . Although both the linear and quadratic fitting described the correlation with great confidence, the linear model was preferred since it is simpler and in good accordance with the linear correlation found with our in vivo results. Manipulation of the incidence angle and the pressure is of immense importance since various configurations of angle and pressure could be achieved. In the case of clinical trials, angle variation is valuable in avoiding specific structures while lower pressures will be applied. Furthermore, numerical simulations were comparable to the in vivo results in the context of incidence angle estimation, skull thickness effect and geometric shift as shown in Fig 10, confirming the accuracy of our technique.
Another interesting observation is the nonuniform shape of the opening site in several cases, some of which are presented in Fig. 7 . This observation suggests a more thorough investigation of the underlying physiology that could affect the BBB opening volume distribution. Therefore, measurements of the gray-and white-matter regions with BBB opening involved in the targeting and opening site were performed. Fig. 11 shows that, regardless of the gray-to-white-matter ratio at the targeted and the opened site, the opening percentage on gray matter is in the range of 75%-90% while the white matter occupies only 10% to 25% of the opening site. This finding was obtained in all NHPs and was found invariant of the ultrasound parameters. Regional differences in vascularization and subsequent microbubble concentration play a significant role in the probability of inducing an opening [14] . It has been established that gray matter is highly dense in capillaries unlike white matter while variation even within gray matter depends on the structure's metabolic demand [42] and synaptic needs [43] . Thorough observation of the NHP brain images reveals discontinuities in the BBB opening volume occurring at the presence of white matter, while other cases show diffusion of the contrast agent in the white matter. Diffusion could occur either from the BBB opening itself or by contrast agent release in the vicinity suggesting the necessity of further investigation of this mechanism by employing the corresponding scanning techniques.
In terms of accuracy, Fig. 12 suggests that the geometric opening-to-targeting shift was within previously reported and acceptable limits for axial and lateral directions. The overall shift was observed to occur both axially and laterally due to attenuation and refraction phenomena. The unavoidable angle shift due to refraction was estimated to be at 5°.
The NHPs involved in this paper were closely monitored to assess the safety of the method. Fig. 13 shows a representative T2-weighted and SWI image for each NHP acquired at the last session. Qualitatively, hyperintense and hypointense regions were not observed in the respective images establishing the safety of the method. It has to be mentioned that intensity inhomogeneities between the hemispheres could be falsely attributed to damage but thorough visual examination by an expert could eliminate those artifacts. Finally, in terms of cognition or behavior, no signs of postprocedural clinical deficits in movement, appetite or activity level were noticed. This finding is essential in planning a treatment with multiple sonication sessions in the same region of interest without the risk of a permanent disruption or BBB leakage.
This paper presented here has several limitations. The skull extraction algorithm and the fitting process were conducted based on T1-weighted images. As described in the method section, the angle estimation is based on the superposition of the stereotactic geometry on the skull line and therefore the angle calculation could be considered indirect. This indirect method is susceptible to errors resulting from image artifacts, skull extraction algorithm or tangent plane estimation. Averaging eliminates these analysis' errors but a direct method of the angle calculation would be more robust. In order to safely conclude on the exact effect the PNP and the incidence angle have on the opening volume, simulations have to be implemented. Extensive research on varying the incidence angle along the skull line has to be performed in order to create a chart that relates the desired angle with the PNP to achieve an opening of specific volume.
Finally, erroneous positioning of the manipulator and the drivers could result in divergence from the desired and designed focus resulting to misleading interpretations of the results on geometric shift. Further investigation in the white and gray matter diffusion mechanisms is necessary and is pointing toward the direction of diffusion-and perfusion-based MRI.
Further investigation of the diffusion components affecting the physiology of the targeted structures should give more insight into the mechanisms involved in BBB opening.
Identification of the incidence angle-to-volume of opening correlation under varying pressures and the estimation of the skull effect enabled the accurate targeting planning. Our group has been working on sonications using the single element transducer attached to a neuronavigation system. Frameless targeting is being optimized for clinical trials taking into consideration the importance of the parameters justified in this paper.
V. CONCLUSION
In this paper, the dependence of the BBB opening volume on the incidence angle, the effect of the gray-to-white-matter ratio on the BBB opening shape, and the targeting accuracy were established. It was found that the BBB opening volume increased monotonically with both the incidence angle and PNP. Pairwise observations revealed the linearity between V BBB and the incidence angle at the same pressure and interchangeably the monotonic increase of V BBB with PNP at the same angle. As expected, V BBB induced by the same incidence angle and PNP over the course of several sonications at different days resulted in comparable results. These findings indicate that the BBB opening volume can be predicted and planned by the selection of the corresponding combination of incidence angle and PNP. Additionally, the opening was found to be five times more pronounced in the gray matter than in the white matter indicating the effect of gray-to-white-matter ratio on the BBB opened region. Finally the technique was proved accurate and safe given that the shifts were deemed acceptable and that the corresponding safety scans did not show evidence of damage.
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